STUDY QUESTION: What molecular signals are required to maintain the functional trophectoderm (TE) during blastocyst expansion of the late stage of preimplantation development?
Introduction
In preimplantation development, the first cell fate segregation generates two lineages, the extraembryonic epithelium called trophectoderm (TE) and the pluripotent tissue called inner cell mass (ICM). The TE plays crucial roles in embryo hatching, implantation and placentation, whereas the ICM generates the fetal body and extraembryonic membranes of the amniotic sac and yolk sac (Marikawa and Alarcon, 2012) . In the mouse, which is commonly used as a model of human preimplantation development, the two lineages are initially specified in the morula between the 16-cell and 32-cell stages, when outside (presumptive TE) and inside (presumptive ICM) cell populations emerge. By the 32-cell stage, which occurs around 3-3.5 days after fertilization (E3.0-E3.5), various genes are differentially expressed between the two lineages Posfai et al., 2017) and the TE starts to function, as evidenced by the formation of the expanding fluid-filled cavity of the blastocyst. The molecular and morphological characteristics of the TE are sustained for another day (up to E4.0-E4.5), or even longer in the case of delayed implantation during embryonic diapause (Renfree and Fenelon, 2017) . Disruption of the TE during the course of normal intrauterine development, or in the process of ART is likely to diminish the implantation capability of embryos. Thus, the elucidation of the mechanisms of TE formation is highly pertinent to fertility preservation in women. For couples seeking fertility treatment through ART, embryos are produced by IVF, maintained up to the blastocyst stage in a culture dish, and transferred into the uterus (Glujovsky et al., 2016) . An understanding of the requirements for normal TE formation is essential for establishing rational approaches in ART to achieve optimal conditions for implantation and the birth of a healthy baby.
TE formation involves its initial specification and later maintenance, which generates and sustains the lineage, respectively. During the initial specification at the morula stage, cell polarity is established in the outside cells, but not in the inside cells (Vinot et al., 2005) . The importance of cell polarization for TE specification has been demonstrated by loss-of-function studies of polarity proteins (Plusa et al., 2005; Alarcon, 2010; Hirate et al., 2013) . The establishment of apicobasal polarity is dependent on the activities of the ras homology family member A (RHOA; encoded by Rhoa, Rhob, and Rhoc) subfamily of small GTPases and RHO-associated coiled-coil containing kinase (ROCK; encoded by Rock1 and Rock2), as their inhibition causes mislocalization of the polarity proteins and deficiency in TE formation and function (Kono et al., 2014; Mihajlovic and Bruce, 2016; Alarcon and Marikawa, 2018) . Apicobasal polarity regulates components of the HIPPO-Yes-associated protein (YAP) signaling pathway, which leads to the nuclear localization of YAP (encoded by Yap1 and Wwtr1), specifically in the outside cells (Cockburn et al., 2013; Hirate et al., 2013; Leung and Zernicka-Goetz, 2013; Cao et al., 2015) . However, HIPPO-YAP signaling is also modulated by RHOA and ROCK, possibly through regulation of the actomyosin cytoskeleton (Maitre et al., 2016) or direct interactions with HIPPO pathway components, namely angiomotin (AMOT; encoded by Amot and Amotl2) and neurofibromin 2 (NF2; encoded by Nf2) (Mihajlovic and Bruce, 2016; Shi et al., 2017) . In the nucleus, YAP interacts with DNA-binding protein TEA domain family member (TEAD; encoded by Tead4) to promote transcription of TE-specific genes, such as caudal type homeobox 2 (Cdx2) (Nishioka et al., 2009; Rayon et al., 2014) , and also to repress ICM-specific genes, such as sex determining region Y-box 2 (Sox2) (Wicklow et al., 2014; Frum et al., 2018) . The action of YAP in the nucleus is crucial for TE formation, as demonstrated by loss-offunction as well as gain-of-function experiments (Nishioka et al., 2009; Frum et al., 2018) . The outside cells also express specific types of ion pumps and components of the tight junction, which together allow the influx and retention of water to generate the fluid-filled cavity of the blastocyst (Marikawa and Alarcon, 2012) . Thus, the initial specification achieves lineage-specific gene expression and morphological transformation of the morula into the blastocyst by the 32-cell stage.
By contrast, an understanding of the molecular mechanisms of TE maintenance during blastocyst expansion is scarce. It is conceivable that a gene regulatory network of transcription factors, whose expression is initiated during the earlier specification phase, plays a key role in the lineage maintenance. Transcription factors expressed in the outside cells, such as CDX2, sustain the transcription of their own as well as other TE-specific genes, while they repress transcription of ICM genes. Consistent with this model, in Cdx2-null mouse embryos, other TE markers are under-expressed, whereas ICM marker genes, such as POU domain class 5 transcription factor 1 (Pou5f1), are ectopically activated in the outside cells (Strumpf et al., 2005) . Also, Cdx2-null embryos initially form a blastocyst cavity, which later deflates and disappears, indicating their failure to maintain a functional TE (Blij et al., 2012) . Conversely, in Pou5f1-null embryos, the inside cells exhibit diminished expression of other ICM genes, including Sox2, but ectopically express Cdx2 (Ralston et al., 2010) . Nonetheless, experimental studies have also suggested that the initial expression of transcription factors is not sufficient to maintain the TE lineage. Live imaging of transgenic embryos carrying the Cdx2-enhanced green fluorescent protein (eGFP) reporter has shown that some outside cells initially expressing Cdx2 move to an inner position, then down-regulate Cdx2 and contribute to the ICM (McDole and Zheng, 2012; Toyooka et al., 2016) . In addition, experiments employing cell dissociation and reaggregation have shown that Cdx2-eGFP-positive cells of the 32-cell stage embryo are competent to give rise to both TE and ICM (Posfai et al., 2017) . Thus, it appears that even after the initial specification, the maintenance of the lineages is still dependent on the position of cells. Even so, those experiments have also suggested that outside cells, or Cdx2-eGFP-positive cells, appear to lose competence to become ICM before the 64-cell stage, which occurs between E3.5 and E4.0 (Suwinska et al., 2008; Posfai et al., 2017) . These studies suggest that to a certain extent, extrinsic factors, such as the cell position, continue to play a role in maintenance of the TE lineage. It is currently unknown whether the same molecular machineries used for the initial specification, such as RHOA, ROCK, polarity proteins, and HIPPO signaling, continue to operate at the later stages of preimplantation development to maintain the TE lineage.
Here, we investigated the roles of RHOA in the maintenance of the TE during blastocyst expansion. RHOA subfamily members of small GTPases act as molecular switches that cycle between an active (GTPbound) and an inactive (GDP-bound) state in response to various upstream regulators (Hodge and Ridley, 2016) . Activated RHOA, in turn, controls the action of effector molecules to regulate cellular morphology, intracellular signal transduction, and gene transcription (Thumkeo et al., 2013) . We examined the impact of RHOA inhibition, using an exogenous inhibitor, on the integrity of the blastocyst cavity, the nuclear retention of YAP, and the gene expression profiles associated with HIPPO-YAP signaling and cell lineages. Additionally, we evaluated whether common effectors of RHOA signaling, namely ROCK and the actomyosin cytoskeleton, are involved in the TE maintenance. Our data suggest that the maintenance of TE in the expanding blastocyst requires the activity of RHOA through mechanisms that are distinct from those in the early stages of preimplantation development or cultured cell lines to regulate HIPPO-YAP signaling. Our study provides new insight into the mechanisms that are essential for the maintenance of the functional properties of TE, which is relevant for further investigations to optimize fertility in women.
Materials and Methods

Animals and embryos
The protocol for animal use was approved by the Institutional Animal Care and Use Committee of the University of Hawaii. Crossings of the F1 (C57BL6 × DBA/2) strain of mice (Charles River Laboratories, Frederick, MD, USA) were carried out, which generate robust embryos and nearly 100% develop to the blastocyst stage under control conditions. We also have extensive experience in conducting experimental procedures with such embryos, which give us reliable results. Female mice were injected with 5 IU PMSG and then 5 IU hCG (Millipore, Temecula, CA, USA) 48 h apart, and mated with males. At about 42 h after the hCG injection, oviducts were dissected from females, from which 2-cell stage embryos were flushed out with the FHM medium (MR-024-D; Millipore). For each experiment, embryos were collected from three or four females and were grouped together as a single batch. Embryos were transferred into 20 μl drops of the KSOM medium (synthetic oviductal medium enriched with potassium) (MR-121-D; Millipore) at the density of up to 100 embryos per drop, covered with mineral oil, cultured in an incubator at 37°C with 5% CO 2 humidified air up to the blastocyst stages (E3.5 to E4.5), and subjected to various experimental treatments. All experimental treatments and the embryo culture were conducted in atmospheric oxygen level (20%), which is commonly practiced and is compatible with robust development of embryos of the F1 (C57BL6 × DBA/2) strain up to fully expanded blastocysts. Bright-field images of embryos were captured, using an AxioCam MRm digital camera attached to an Axiovert 200 inverted microscope with Hoffman modulation contrast optics (Carl Zeiss, Thornwood, NY, USA). Images were opened in the ImageJ program (http://rsb.info.nih.gov/ij) to analyze the cavity size of embryos, as previously described (Alarcon and Marikawa, 2016) . Briefly, the size of the cavity and of the whole embryo was measured as an area, using the Polygon selections tool, and the percentage of the cavity size relative to the embryo was calculated.
ICM isolation by immunosurgery
The procedure was carried out as previously described (Alarcon and Marikawa, 2004) . To lyse the TE cells, E4.5 blastocysts were incubated in rabbit anti-mouse serum (produced by our laboratory) diluted at 1:20 in KSOM medium for 20 min followed by guinea pig complement (LifeTechnologies, Carlsbad, CA, USA) diluted at 1:20 in KSOM medium for 20 min. The debris of TE cells and zona pellucida was removed from the ICM by incubation in 0.5% Pronase (Roche, Indianapolis, IN, USA) dissolved in FHM medium for 10 min followed by washing in KSOM medium.
Cell lines
NIH/3T3 (mesenchymal) cells were obtained from the American Type Culture Collection (Manassas, VA, USA), and cultured in medium consisting of 90% (v/v) Dulbecco's Modified Eagle Medium with GlutaMAX (LifeTechnologies), 10% (v/v) fetal bovine serum, 50 units/ml penicillin, and 50 μg/ml streptomycin. P19C5 cells (epithelial) (Lau and Marikawa, 2014) were cultured in medium, consisting of 90% (v/v) Minimum Essential Medium Alpha with nucleosides and GlutaMAX (LifeTechnologies), 2.5% (v/v) fetal bovine serum, 7.5% (v/v) newborn calf serum, 50 units/ml penicillin, and 50 μg/ml streptomycin. For experimental treatments, cells were plated in a 24-well plate at the density of 5 × 10 4 cells/well in the corresponding culture medium, and 24 h later exposed to the reagents. NIH/ 3T3 cells were used previously (Wada et al., 2011) to demonstrate the essential roles of actin filament in YAP/TEAD signaling and therefore served as a positive control in the present study. P19C5 is a stable cell line with the properties of peri-implantation embryos, and is thus closer to preimplantation embryos in terms of developmental stage.
Reagents
All reagents used in the present study were commercially obtained, and dissolved in the corresponding vehicle to prepare stocks, as follows: RHO inhibitor I (CT04; Cytoskeleton, Denver, CO, USA) in water at 100 μg/ ml; ROCK inhibitor called Y27632 (688 000; Calbiochem, Temecula, CA, USA) in water at 20 mM; and actin filament disruptors called cytochalasin B (C6762; Sigma-Aldrich) in dimethyl sulfoxide (DMSO) at 10 mg/ml and latrunculin A (L5163; Sigma-Aldrich) in DMSO at 1 mM. Note that RHO inhibitor I is the exoenzyme C3 transferase that selectively inhibits the activity of RHOA subfamily members (RHOA, RHOB, RHOC), but not other small GTPases, such as cell division cycle 42 and rac family small GTPase 1 (Clayton et al., 1999; Wilde et al., 2000; Vogelsgesang et al., 2007) . Treatment of blastocysts with the reagents was performed in hanging drops (up to 30 embryos per 20 μl drop) of the KSOM medium, as previously described (Alarcon and Marikawa, 2016) . For all experiments, embryos or cell lines were treated with the inhibitors at the following final concentrations: RHO inhibitor I at 1 μg/ml, Y27632 at 50 μM, cytochalasin B at 10 μg/ml, and latrunculin A at 1 μM. Exogenous inhibitors are effective tools to study the roles of the target molecules at specific time points (e.g. the late stages of preimplantation development), which may be more difficult to investigate using other types of loss-of-function methodologies, namely gene knockout or knockdown. We conducted pilot experiments, which involved testing the effect of various concentrations of the inhibitors and choosing the lowest amount that induced collapse of the blastocyst cavity as an indication of TE maintenance failure. Treatment times of 4-8 h were chosen, because such a time frame was used previously to investigate the impact of inhibitors on HIPPO signaling (Wada et al., 2011) . We observed that 1 μg/ml of RHO inhibitor I was required to collapse the blastocyst cavity. This is the same amount that had been used to investigate the initial specification of TE during the early embryonic stages (Kono et al., 2014) . However, 50 μM of Y27632 was required to induce cavity collapse, which is 2.5 times higher than used previously (Kono et al., 2014) . Likewise, the amounts of actin filament disruptors were chosen through pilot experiments that determined the lowest concentration that caused cavity collapse within 4-8 h.
Immunofluorescence staining
Fixation, permeabilization and blocking of embryos were performed as previously described (Laeno et al., 2013) . Embryos were incubated in primary antibody at 4°C overnight and in secondary antibody at room temperature for 2 h. Primary antibodies used were mouse monoclonal anti-CDX2 at 1:800 (CDX2-88; BioGenex, Fremont, CA, USA), mouse monoclonal anti-SOX2 at 1:200 (MAB4423; Milipore), rabbit polyclonal anti-SOX2 at 1:500 (AB5603; Millipore), mouse monoclonal anti-YAP1 at 1:300 (2F12; Novus Biologicals, Littleton, CO, USA), goat polyclonal anti-POU5F1 at 1:200 (sc-8628; Santa Cruz Biotechnology, Dallas, TX, USA), mouse monoclonal anti-protein kinase C zeta (PRKCZ) at 1:100 (sc-17 781; Santa Cruz Biotechnology), and rabbit polyclonal anti-scribbled planar cell polarity (SCRIB) at 1:100 (sc-28 737; Santa Cruz Biotechnology). Secondary antibodies were rabbit polyclonal anti-mouse Alexa 488, rabbit polyclonal anti-goat Alexa 546, and goat polyclonal antimouse Alexa 488 which were all used at 1:1000 (Life Technologies). Actin filaments were visualized with phalloidin conjugated with Alexa 546 (LifeTechnologies) at 33 nM. Stained embryos were mounted in ProLong Gold medium containing 4′,6-diamidino-2-phenyl-indole (DAPI) to stain nuclei (Life Technologies).
Confocal microscopy
All embryos from the same experiment were imaged in a single session with FV1000 confocal laser scanning microscope with the Fluoview software (Olympus, Center Valley, PA, USA), using identical configurations, as described previously (Kono et al., 2014) . Serial optical sections of entire embryos were obtained at 2 μm intervals under a 40× oil objective lens. The number of stained nuclei (i.e. DAPI-, CDX2-, SOX2-, and YAP-positive) was determined by examining every optical section.
Quantitative RT-PCR
Total RNA was extracted from each sample (20-30 blastocysts or 40-50 isolated ICM), using TRI reagent (Life Technologies) and the Direct-zol RNA MicroPrep Kit (Zymo Research, Irvine, CA, USA), and processed for cDNA synthesis using M-MLV reverse transcriptase (Promega, Madison, WI, USA) and oligodT (18) primer. Quantitative RT-PCR (qRT-PCR) was performed using the CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) with SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) as follows: initial denaturation at 94°C for 5 min, followed by up to 45 cycles of 94°C for 15 s, 60°C for 20 s and 72°C for 40 s. Data files were opened in CFX Manager software (Bio-Rad) and Ct values were transferred to the Excel program (Microsoft, Redmond, WA, USA) for further analyses. The sequences of the primers used are listed in Table I . The expression levels of genes were normalized with Gapdh, and presented as relative expression levels. In the present study, we examined Gapdh, actin beta, and eukaryotic translation elongation factor 1 alpha 1 as housekeeping genes, all of which are commonly used as standards for qRT-PCR analyses in mouse preimplantation embryos as well as other developmental stages of embryos and tissues. To compare profiles of mRNA expression levels between whole blastocyst and isolated ICM, expression levels were normalized by the sum of these two as 100 in each set of experiments, and the normalized values of three biological replicates were compiled.
Statistics
All experiments were conducted at least three times, using different batches of pooled embryos or cultured cells as biological replicates, and compiled data were presented as mean ± SD. When three or more experimental conditions were compared, one-way ANOVA was used to determine whether there were any significant differences among their means, which was then followed by post hoc two-sample t-test to compare two specific conditions. A value of P < 0.05 or 0.01, calculated using the Excel program, was considered significant depending on the types of analyses, as described above and in the corresponding figure legends.
Results
RHOA activity is required for the maintenance of the TE characteristics in the expanding blastocysts
RHOA operates through the HIPPO-YAP pathway in the initial specification of the TE cell lineage, which takes place between the 16-cell and 32-cell stages (Kono et al., 2014; Shi et al., 2017) . Here, we examined whether RHOA activity is also required to maintain the TE lineage after it has formed. E3.5 blastocysts with a cavity occupying at least half of the total volume of the embryo were selected specifically, because this is a morphological indication of the presence of a functional TE (Fig. 1A) . We first characterized the normal features of the blastocysts. The mean ± SD number of cells was 45.9 ± 9.6 (Fig. 1B) .
By this stage, lineage-associated transcription factors, namely TEspecific CDX2 and ICM-specific SOX2, were already expressed in a spatially distinct manner ( Fig. 1C and D) . CDX2 was co-localized with nuclearized YAP, whereas SOX2 did not overlap with nuclearized YAP, consistent with previous reports (Nishioka et al., 2009; Wicklow et al., 2014) . Regardless of the total nuclear number, the prevalence or ratio of CDX2-or SOX2-positive cells was relatively constant, as depicted by the linear regression trend lines (Fig. 1D) .
To test whether RHOA activity is necessary for the maintenance of TE, the blastocysts were incubated with or without 1 μg/ml of RHO inhibitor I for up to 8 h (see Materials and Methods), and were examined for morphology, YAP distribution and gene expression patterns. The concentration of the inhibitor was sufficient to cause cavity collapse in blastocysts, a feature suggestive of disturbance of the TE epithelium, and was therefore used for experiments to assess the impact on the TE maintenance ( Fig. 2A and B) . In contrast to blastocysts treated with RHO inhibitor, the control blastocysts expanded in volume. Blastocysts treated with RHOA inhibitor also had significantly reduced numbers of cells with nuclearized YAP compared to the control blastocysts after 4 h as well as 8 h of treatment ( Fig. 2C and D) , while the total number of nuclei was not significantly different between the treated and control embryos (Fig. 2D) . The loss of nuclearized YAP upon RHOA inhibition was accompanied by the significant down-regulation of connective tissue growth factor (Ctgf), cysteine rich protein 61 (Cyr61), angiomotin-like 2 (Amotl2), and ajuba LIM protein (Ajuba) mRNA expression levels (Fig. 3A) , all of which are known transcriptional targets of YAP/TEAD (Zhao et al., 2008; Liu et al., 2016) . These results suggest that the nuclear retention and transcriptional activator function of YAP are dependent on RHOA activity even after the lineage has been specified.
To investigate whether RHOA inhibition in the expanding blastocysts also impacts the state of cell lineages, we further examined the expression of lineage-specific markers. Cdx2 (Strumpf et al., 2005) , GATA binding protein 3 (Gata3; Home et al., 2009) , inhibitor of DNA binding 2 (Id2; Guo et al., 2010) , and ATPase H + /K + transporting nongastric alpha polypeptide (Atp12a; Posfai et al., 2017) were assessed as TE markers, while Sox2 (Wicklow et al., 2014) , Pou5f1 (Nichols et al., 1998) , Nanog homeobox (Nanog; Chambers et al., 2003; Mitsui et al., 2003) and Eph receptor A4 (Epha4; Posfai et al., 2017) as ICM markers. The inhibition of RHOA activity led to a significant downregulation of all the TE markers (Fig. 3A) . By contrast, ICM markers, namely Sox2, Pou5f1 and Epha4, were up-regulated by RHOA inhibition, although Nanog was not significantly altered (Fig. 3A) . We further examined the spatial distribution of CDX2 and SOX2 proteins in RHOA-inhibited blastocysts by immunofluorescence staining. In control blastocysts, CDX2 and SOX2 were localized in a segregated fashion to the nuclei of TE and ICM, respectively (Fig. 3B) . By contrast, RHO inhibitor treatment led to SOX2 localization not only in the ICM nuclei but also in several TE nuclei, suggesting the up-regulation of Sox2 expression in the outside cells by RHOA inhibition. Note that in spite of the marked reduction at the transcript level, CDX2 protein was still present in the nucleus of the outside cells, which may reflect a long half-life of the protein (Boulanger et al., 2005; Gross et al., 2005 Gene Name Forward Primer (5′ → 3′) Reverse Primer (5′ → 3′) specification of the lineage, RHOA activity is required for the continued expression of the lineage-specific genes in TE by maintaining the nuclear retention of YAP.
RHOA activity is required for TE lineage maintenance in the fully expanded blastocysts
We further examined whether the TE lineage becomes resistant to RHOA inhibition at a much later stage, i.e. in the fully expanded blastocyst at E4.5, when it is competent for uterine implantation. E4.5 blastocysts were treated with or without RHOA inhibitor for 8 h. The inhibition of RHOA activity caused deflation of the blastocyst cavity (Fig. 4A) , and caused loss of nuclearized YAP (Fig. 4B) . Consistent with the loss of nuclearized YAP, the transcript levels of the YAP/TEAD target genes, Ctgf, Cyr61, Amotl2 and Ajuba, were all down-regulated (Fig. 4C) . Furthermore, the TE marker genes, except for Atp12a, were significantly down-regulated in RHOA-inhibited blastocysts (Fig. 4C) . By contrast, the expressions of ICM markers, Sox2 and Pou5f1, were significantly up-regulated by RHOA inhibition, although Nanog and Epha4 were not significantly changed (Fig. 4C) . Thus, the activity of YAP and the lineage-specific gene expression programs were still dependent on RHOA even in the fully expanded, implantationcompetent blastocysts.
In the E4.5 blastocyst, the primitive endoderm (PE) has differentiated within the ICM, which expresses a distinct set of genes, such as Sox17, platelet-derived growth factor receptor alpha polypeptide (Pdgfra), Gata4 and Gata6 (Plusa et al., 2008; Niakan et al., 2010; Artus et al., 2011) . To test whether inhibition of RHOA has an impact on the PE lineage, the PE gene marker expression was assessed in RHOA inhibitortreated blastocysts. The transcript levels were not significantly different between RHOA-inhibited and control blastocysts (Fig. 4C) , suggesting that the PE status is not dependent on RHOA activity.
We further assessed the possibility that the observed reduction in the TE markers in RHOA-inhibited blastocysts was due to degeneration of TE cells, rather than alterations in the lineage characteristics. If the RHOA inhibitor somehow destroyed TE cells, relative expression levels of the TE markers would appear reduced. To test the possibility, we created the situation where TE cells were specifically destroyed in E4.5 blastocysts by immunosurgery (Solter and Knowles, 1975) , which were then analyzed for gene expression profiles. Relative to the intact whole blastocysts, immunosurgically isolated ICM exhibited significantly lower mRNA levels of all of the TE markers (Fig. 5) , as observed for RHOA inhibitor-treated blastocysts. However, in stark contrast to the RHOA-inhibited blastocysts, isolated ICM had significantly higher mRNA levels of all of the ICM and PE markers (Fig. 5 ). This indicates that the impact of RHOA inhibition on the gene expression profiles was not due to degeneration of the TE. Overall, nuclear YAP retention and TE-specific gene expression profiles were dependent on RHOA activity in both E3.5 and E4.5 blastocysts, suggesting that the action of RHOA is continuously required for maintenance of the TE lineage throughout preimplantation development. Therefore, we conducted further analyses using the E3.5 blastocysts.
The action of RHOA to maintain the TE lineage is not mediated by ROCK
In many experimental systems, ROCK is a major downstream effector of RHOA (Thumkeo et al., 2013) . ROCK activity is required for the regulation of HIPPO signaling in the initial specification of the TE lineage (Kono et al., 2014; Cao et al., 2015; Mihajlovic and Bruce, 2016; Alarcon and Marikawa, 2018) . To test whether ROCK activity is also necessary for maintenance of the TE lineage, we examined the morphological and molecular effects of ROCK inhibition in expanding blastocysts. E3.5 blastocysts were selected with a cavity size of at least half the total volume of the embryo, and were cultured with or without 50 μM Y27632, a small molecule inhibitor of ROCK, for 8 h. ROCK inhibition resulted in collapse of the blastocyst cavity (Fig. 6A) . Nevertheless, unlike RHOA inhibition, Y27632 treatment did not reduce the number of YAP-positive nuclei ( Fig. 6B and C) . This suggests that HIPPO signaling was not altered in ROCK-inhibited blastocysts. This was further confirmed by gene expression analysis, which showed that none of the YAP/TEAD target gene mRNAs were significantly down-regulated by Y27632 treatment (Fig. 7B) .
We further compared the transcript levels of lineage-specific markers between control and ROCK inhibitor, as well as RHOA inhibitortreated blastocysts. In contrast to RHOA inhibition, the expression levels of the lineage markers were not significantly affected by ROCK inhibition, except for one of the TE markers, Id2, which was downregulated by 57% (Fig. 7B) . These results suggest that while ROCK activity is essential for the integrity of the blastocyst cavity, it is dispensable for maintaining nuclearized YAP and TE-specific gene expression in the expanding blastocyst (Table II) . This implicates that RHOA signaling is transduced to the HIPPO-YAP pathway by effectors other than ROCK. Number of total nuclei and YAP-positive nuclei in blastocysts before treatment (0 h; n = 10), and after treatment for 4 h (control: n = 7, RHOi: n = 12) and 8 h (control: n = 6, RHOi: n = 16). Asterisks indicate significant differences (P < 0.01; two-sample t-test) in the number of YAP-positive nuclei between control and RHOi-treated blastocysts. Scale bars in (A) and (C) are 100 μm and 50 μm, respectively. Error bars in (B) and (D) represent SD.
TE is maintained by an actin filamentindependent mechanism in the expanding blastocysts RHOA is a key regulator of the actomyosin cytoskeletal system (Hodge and Ridley, 2016) . The organization of actin filaments has been shown to modulate YAP activity (Dupont, 2016) . Thus, we examined whether actin filaments also play a role in maintenance of the TE, as a possible effector of RHOA signaling. E3.5 blastocysts were cultured with or without an actin filament disrupting agent, namely cytochalasin B or latrunculin A, for up to 8 h. Control blastocysts continued to expand, whereas the cavity deflated in treated blastocysts, indicating that the morphological integrity of TE depended on actin filament (Fig. 6A) . The appearance of the cytochalasin-and latrunculin-treated blastocysts was different from that of RHO inhibitor-or Y27632-treated blastocysts, as the outside cells were distinctly round and . Asterisks indicate significant differences (P < 0.05; two-sample t-test) in the relative expression levels between control and RHOi-treated blastocysts. Error bars represent SD. TE: trophectoderm. ICM: inner cell mass. (B) Optical section confocal images of nucleus, CDX2, and SOX2 in representative control (n = 9) and RHOitreated (n = 9) blastocysts. Arrows indicate nuclei that are positive for both CDX2 and SOX2. Scale bar = 50 μm. bumpy (Fig. 6A) . The impact of inhibitor treatments on the actin filament integrity was validated by phalloidin staining. Actin filament was enriched in the cell cortex of control blastocysts, whereas it was distributed in the cytoplasm with cytochalasin treatment or disintegrated with latrunculin treatment (Fig. 7A) . By contrast, disruption of the actin filament distribution was not evident with RHOA inhibitor or ROCK inhibitor treatment (Fig. 7A) .
In spite of the marked changes in the actin filament organization, the cytochalasin-and latrunculin-treated blastocysts still possessed nuclearized YAP (Fig. 6B) , and the average number of YAP-positive nuclei was not significantly different from control blastocysts (Fig. 6C ). This suggests that the loss of nuclear YAP retention with RHOA inhibition was not due to disruption in the actomyosin cytoskeleton. We further examined the effect of actin filament disruption on the gene expression profiles (Fig. 7C) . With latrunculin treatment, the expression levels of the YAP/ TEAD target genes were not consistently affected. Latrunculin treatment significantly down-regulated only Amotl2, whereas the other genes were either unaffected (Cyr61 and Ajuba) or up-regulated (Ctgf). TE and ICM markers were not significantly affected by latrunculin, except for Gata3 being down-regulated by 35%. Overall, most of the molecular changes caused by RHOA inhibition were not replicated in actin filament-disrupted blastocysts (Table II) . This suggests that the RHOAmediated maintenance of nuclearized YAP and TE-specific gene expression profiles are independent of the actomyosin cytoskeleton. Asterisks indicate significant differences (P < 0.05; two-sample t-test) in the relative expression levels between control and RHOi-treated blastocysts. Error bars represent SD.
The expression of the YAP/TEAD target genes is dependent on RHOA, ROCK and actin filament in cultured cell lines
Previous studies using cultured cell lines have shown that the nuclear localization of YAP is actin filament-dependent (Dupont, 2016) . For example, treatment of mouse fibroblast cell line NIH/3T3 with cytochalasin or latrunclulin for 4 h causes denuclearization of YAP and down-regulation of YAP/TEAD target genes (Wada et al., 2011) . By contrast, our study with expanding blastocysts showed that YAP remained in the nucleus, and the target gene expression was retained even after 8 h of cytochalasin or latrunculin treatment. This raises the possibility that the underlying molecular mechanisms that regulate HIPPO-YAP signaling may differ according to the cellular context.
To confirm the previous observation in cell lines and also to validate the effectiveness of our reagents, we treated NIH/3T3 cells with various inhibitors for 4-8 h at the same concentrations used on blastocysts and examined the expression of the YAP/TEAD target genes. Upon treatment with ROCK inhibitor or actin disruptors for 4 h, the expression of all of the YAP/TEAD target genes examined was significantly diminished (Fig. 8) , which confirms that our reagents were effective in a manner consistent with the previous study (Wada et al., 2011) . By contrast, inhibition of RHOA for 4 h did not significantly reduce the expression levels of the target genes (Fig. 8) . After 8 h of treatment, however, RHOA inhibition caused significant downregulation of most of the YAP/TEAD target genes (Fig. 8) .
We also confirmed the effects of the inhibitors on another cell line, P19C5 mouse embryonal carcinoma, which possesses developmental properties of pluripotent embryonic cells (Lau and Marikawa, 2014) . The most effective treatments were with Y27632 and latrunculin, both of which down-regulated all of the YAP/TEAD target genes after 4 h of treatment (Fig. 8) . By contrast, RHOA inhibitor and cytochalasin were less effective, such that they down-regulated only a subset of the target genes (Fig. 8) . Thus, in both cell lines, inhibition of ROCK or disruption of actin filament was effective in suppressing the expression of the YAP/TEAD target genes, much more so than inhibition of RHOA. These results suggest that the regulation of HIPPO-YAP signaling may be different in blastocysts versus cultured cell lines and, specifically, the former is more dependent on RHOA, whereas the latter is more dependent on ROCK and actin filament.
The integrity of cell polarity is not required for maintenance of the TE gene expression program in the expanding blastocysts To further explore the regulatory mode of YAP localization in expanding blastocysts, we investigated the state of cell polarity. Several apicobasal polarity proteins have been shown to regulate HIPPO-YAP signaling in a cell position-dependent manner in the initial specification of the TE (Anani et al., 2014; Hirate et al., 2013 Hirate et al., , 2015 Korotkevich et al., 2017) . Additionally, inhibition of RHOA or ROCK between the 8-cell and 32-cell stages causes mislocalization of polarity proteins (Kono et al., 2014; Mihajlovic and Bruce, 2016) . Thus, it may be possible that the action of RHOA to maintain the TE in expanding blastocysts also depends on cell polarity. We therefore evaluated the relationship between cell polarity and YAP nuclearization in the E3.5 blastocysts that have been treated with inhibitors of RHOA and ROCK, and actin disruptors for 8 h. PRKCZ and SCRIB are components of conserved sets of proteins that demarcate the apical and basolateral plasma membrane domains, respectively, and play essential roles in the assembly and maintenance of the domains, as demonstrated by functional studies in various experimental systems (Rodriguez-Boulan and Macara, 2014) . The antibodies we used to Figure 5 Profiles of mRNA expression levels in the ICM and whole blastocyst. E4.5 mouse blastocysts were subjected to immunosurgery to isolate ICM. Expression levels were normalized by the sum of whole blastocyst (WB) and ICM values as 100 in each set of experiments, and the normalized values of three sets were compiled. Asterisks indicate significant differences (P < 0.05; two-sample t-test) between WB and ICM. Error bars represent SD.
localize PRKCZ and SCRIB have previously been validated in mouse embryos during the morula to blastocyst transition (Alarcon, 2010; Tao et al., 2012; Kono et al., 2014; Mihajlovic and Bruce, 2016) . In RHOA inhibitor-treated blastocysts, PRKCZ and SCRIB were distinctly localized to the apical and basolateral domains, respectively (Fig. 9) . By contrast, Y27632 treatment caused aberrant localization of polarity proteins, namely, PRKCZ was ectopically enriched in the cortex of inner cells, whereas SCRIB was found in the apical domain in some of the outside cells (Fig. 9) . With actin disruption, the outside cells were rounded, but the cell polarity markers were still asymmetrically localized with some abnormal aggregates of SCRIB being observed in the basolateral domain (Fig. 9) . This was indicative of modest disturbance in the protein localization. Thus, among the four types of treatments, ROCK inhibition most severely disturbed the apicobasal cell polarity, whereas RHO inhibition had the least impact on cell polarity.
In light of the effects on YAP nuclear retention and gene expression profiles (Figs 2, 3 , Table II), the results suggest that the RHOAdependent maintenance of the TE does not involve the integrity of cell polarity at the expanding blastocyst stage. The results also suggest that disturbance of the apicobasal polarity, as seen in ROCK-inhibited blastocysts, is not sufficient to denuclearize YAP or to down-regulate gene expression in the TE, implicating mechanistic differences between the initial specification and later maintenance of the TE lineage.
Discussion
We previously showed that the activities of RHOA and ROCK are essential for the initial specification of the TE lineage in the 8-cell to early blastocyst stage transition (E2.5-E3.5) of preimplantation mouse embryos (Kono et al., 2014) . In the present study, we extended these Figure 6 Impact of inhibitor treatments on YAP nuclear retention in the E3.5 expanding mouse blastocysts. (A) Bright-field images of blastocysts that were cultured for 4 h and 8 h, starting at E3.5 with the indicated inhibitors. Asterisk indicates an air bubble. RHOi: RHO inhibitor I. (B) Z-projection confocal images of nucleus and YAP in representative inhibitor-treated blastocysts. Arrow points to the polar body, which contains a condensed nucleus and high YAP signal. Scale bars in (A) and (B) are 50 μm. (C) Number of total nuclei and YAP-positive nuclei in inhibitor-treated blastocysts (Control: n = 9, RHOi: n = 10, Y27632: n = 10, CytB/cytochalasin B: n = 10, LatA/latrunculin A: n = 14). Asterisk indicates significant difference (P < 0.01; two-sample t-test) in the number of YAP-positive nuclei between control and RHOi-treated blastocysts. Error bars represent SD. findings and demonstrated that the activity of RHOA is also required for the later maintenance phase of the TE in the expanding blastocyst stage (E3.5-E4.5). Specifically, inhibition of RHOA in expanding blastocysts deflated the cavity and diminished the molecular features of the TE lineage, such as nuclearized YAP and TE-specific gene expression. Thus, the formation and retention of TE appear to be dependent on the continuous action of RHOA throughout preimplantation development. By contrast, inhibition of ROCK in expanding blastocysts only caused deflation of the cavity, but did not affect YAP nuclearization or TE gene expression. Comparable effects were also observed with disturbance of the actin filament. The effects of the inhibitor treatments on the expanding blastocyst are summarized in Table II . Taken together, we propose a model for the regulation of the TE maintenance, in which the actions of RHOA, ROCK, and actin filament modulate the TE function of sustaining the blastocyst cavity, whereas the TE-specific transcriptional activity depends mainly on RHOA but not on ROCK or actin filament (Fig. 10) . Interestingly, inhibition of ROCK, but not RHOA, caused mislocalization of the apicobasal polarity proteins, PRKCZ and SCRIB, in a manner comparable to the ROCK inhibition during the initial specification phase (Kono et al., 2014; Cao et al., 2015; Mihajlovic and Bruce, 2016) . However, the mislocalization of the polarity proteins is not sufficient to impair YAP nuclearization or TEspecific gene expression during the later maintenance phase, which is in stark contrast to the critical role of the apicobasal polarity in the TE specification during the early stages (Alarcon, 2010; Hirate et al., 2013 Hirate et al., , 2015 Korotkevich et al., 2017) .
The involvement of RHOA in HIPPO signaling regulation has been shown in various experimental systems, ranging from cultured cell lines to developing organs in vivo (Plouffe et al., 2016; Liu et al., 2017; Cai et al., 2018) . However, the molecular mechanisms by which RHOA is linked to the HIPPO-YAP pathway are not well understood. A prevailing model entails modulation of the actomyosin cytoskeleton (Seo and Kim, 2018) . Many of the RHOA-interacting proteins, including ROCK, are regulators of actin and myosin (Thumkeo et al., 2013) . Also, the key components of the HIPPO pathway, such as AMOT and NF2, have been shown to associate with the actin filament (Brault et al., 2001; Chan et al., 2013; Dai et al., 2013; Mana-Capelli et al., 2014) . Nonetheless, in the expanding blastocysts, HIPPO-YAP signaling was not affected by actin filament disruption, suggesting that the RHOAdependent regulation of the signaling pathway is not mediated by the actomyosin cytoskeleton. In a recent study, Shi et al. (2017) showed that inhibition of RHOA at the morula stage diminishes YAP nuclearization in an NF2-and AMOT-dependent manner. In their model, RHOA inhibits HIPPO signaling independently of the actin filament by blocking the interaction between NF2 and AMOT. Such direct actions of RHOA on the HIPPO signaling components may also operate in the expanding blastocysts to maintain the state of the TE. However, the present study also showed that the impact of RHOA inhibition on HIPPO-YAP signaling was much more robust in the blastocysts in comparison to cultured cell lines. Such context-dependent differences in the impact of RHOA inhibition suggest that regulatory mechanisms linking RHOA to HIPPO signaling may involve additional modulatory factors that are specific to either the cell type or external environment.
Studies employing embryo manipulations have demonstrated that plasticity of the TE lineage exists up to the late 32-cell stage (Rossant and Vijh, 1980; Suwinska et al., 2008; Tarkowski et al., 2010; Posfai et al., 2017) . For example, blastomeres that express high Cdx2-eGFP level (as an indicator of specified TE) of the early 32-cell stage are still competent to give rise to ICM when they are positioned inside cell aggregates. By contrast, high Cdx2-eGFP blastomeres obtained from the late 32-cell or later stage appeared to have lost such competence (Posfai et al., 2017) . These observations suggest that the TE lineage is stabilized at around the late 32-cell stage to become independent of cell position. In the present study, we showed that the RHOA activity is required to maintain various TE characteristics while suppressing ICM features beyond the late 32-cell stage, namely, up to the end of preimplantation development (E4.5). Thus, although maintenance of the TE lineage may be independent of the positional cue, it still requires the action of RHOA, possibly through regulation of HIPPO-YAP signaling. Interestingly, the activity of ROCK, the major effector of RHOA, is required for the development of TE characteristics during the early specification phase (Kono et al., 2014) , but not after E3.5 (Laeno et al., 2013; present study) . This raises the possibility that RHOA may be acting independently of ROCK to regulate TE development. Such disconnect between RHOA and ROCK has been shown in human embryonic stem cells, where the inhibition of RHOA leads to cell death through loss of YAP activity, whereas the inhibition of ROCK promotes cell survival (Ohgushi et al., 2015 kept active in TE is currently unclear. An active form of RHOA has been localized to the apical domain of outside cells at the late morula to early blastocyst stage (Shi et al., 2017) , which implicates a link between the apicobasal polarity and RHOA regulation. Nonetheless, the apicobasal polarity may not be required to retain RHOA activity in TE, as its disturbance by ROCK inhibition did not diminish nuclearized YAP. Further investigations are warranted to determine how RHOA activity is retained in TE at later stages of preimplantation development independently of the cell polarity. Inhibition of RHOA in the expanding blastocyst caused a robust upregulation of Sox2, a key transcription factor gene involved in the maintenance of the epiblast and pluripotency (Avilion et al., 2003; Wicklow et al., 2014) . This raises the question as to whether RHOA inhibition can enhance the formation of ICM or pluripotent stem cells even at the later stages of preimplantation development. In addition to HIPPO-YAP signaling regulation, RHOA is involved in a diverse array of cellular functions (Narumiya and Thumkeo, 2018) , and its unregulated inhibition may cause adverse effects, some of which may not be compatible with pluripotency. For example, RHOA is a key regulator of cytokinesis (Chircop, 2014; Basant and Glotzer, 2018) , so that its inhibition during mitosis may result in tetraploidy or polyploidy.
Experiments with chimeric embryos have shown that tetraploid cells do not contribute to the pluripotent cell lineages (Kupriyanov and Baribault, 1998) . Thus, constitutive inhibition of RHOA activity is unlikely to be permissive for normal ICM development. Furthermore, the present study showed that Nanog, another transcription factor gene essential for the pluripotency maintenance (Chambers et al., 2003; Mitsui et al., 2003) , was not up-regulated by RHOA inhibition in the blastocysts, suggesting that not all ICM features were enhanced. Interestingly, Nanog is still expressed in the inside cells of Lats1/2-knockdown embryos, in which nuclearized YAP and Cdx2 expression are ectopically induced (Lorthongpanich et al., 2013) . This suggests that transcription of the Nanog gene is regulated by mechanisms that are independent of HIPPO-YAP signaling. By contrast, transcriptional regulation of Sox2 is much more dependent on HIPPO-YAP signaling, as its expression is dictated by the lack of nuclearized YAP (Wicklow et al., 2014; Frum et al., 2018) . Such distinct regulatory mechanisms for the pluripotency maintenance genes may be reflected in the differential responses of Nanog and Sox2 mRNA expression in RHOA-inhibited blastocysts.
Studies in cell culture and Drosophila tissues have shown that changes in cell morphology and mechanical force can greatly influence the subcellular localization of YAP (Dupont, 2016) . For example, YAP accumulates in the nucleus when NIH/3T3 cells are flat and spread out, whereas YAP translocates to the cytoplasm when cells are more round and compact (Wada et al., 2011) . As the morula transforms into the blastocyst, the TE cells stretch and flatten around the expanding cavity to form an epithelial barrier (DiZio and Tasca, 1977; Zenker et al., 2018) . Such distinct morphological changes in TE have led to a hypothesis that mechanical cues caused by cell shape changes may contribute to regulation of YAP activity to maintain the TE-specific gene expression programs (Biggins et al., 2015; Maitre et al., 2016) . However, our data showed that collapse of the blastocyst cavity and the consequent rounding up of the TE cells due to actin filament disruption were not sufficient to alter YAP activity significantly, suggesting that cell shape and mechanical forces do not control the commitment of the TE in the blastocyst. This is noteworthy in light of the routine practices in human ART, in which expanding blastocysts are often collapsed by manipulations, such as TE biopsy and cryopreservation. In spite of those manipulations, embryos are still able to implant and produce live births (Rienzi et al., 2017; Griffin and Ogur, 2018) , indicating that changes in cell shape do not significantly alter the developmental potency of TE. This may be another indication of cell context-dependent differences in the regulatory mechanisms that link mechanical force, RHOA, and HIPPO signaling.
While the mechanisms that retain RHOA activity in the expanding blastocyst are still unknown, it is clear that an insult that inhibits RHOA would compromise TE and diminish implantation efficiency. Various exogenous and endogenous agents can impact RHOA activity, such as bacterial protein toxins (Aktories, 2015) , medications taken by patients (Alarcon and Marikawa, 2016) , and endocrine factors that modulate G-protein coupled receptor signaling . Whether these agents appear in the reproductive tracts under certain Figure 9 Localization of cell polarity proteins in inhibitor-treated mouse blastocysts. Optical section confocal images of nucleus (blue), apical marker protein kinase C zeta (PRKCZ; green), and basolateral marker scribbled planar cell polarity (SCRIB; red) in representative E3.5 blastocysts that were treated for 8 h with no inhibitor (Control; n = 12), RHO inhibitor I (RHOi; n = 14), Y27632 (n = 14), cytochalasin B (n = 14) or latrunculin A (n = 14). C: Blastocyst cavity. Arrowheads indicate ectopic cortical enrichment for PRKCZ in inner cells and ectopic SCRIB localization to apical domain with Y27632 treatment. Arrows indicate aggregates of SCRIB in basolateral domain upon actin disruption. Scale bar = 50 μm.
conditions is currently unknown. In the in vitro setting of ART, the culture condition of embryos is highly defined and is devoid of disturbing factors, so that potential environmental insults on preimplantation development can be effectively circumvented (Swain et al., 2016) . However, in vitro generated blastocysts may still be compromised when they are transferred into the uterus that contains an agent that interferes with the machineries required for TE maintenance, such as RHOA. For example, a high concentration of statins, widely used medications to lower the cholesterol levels, has been shown to inhibit RHOA activation (Sorrentino et al., 2014; Alarcon and Marikawa, 2016) . Therefore, a further understanding of the intrauterine environment is crucial to optimize successful implantation. Figure 10 A proposed mode of action for RHOA to maintain TE characteristics in the expanding blastocyst. RHOA acts on two separate pathways to regulate maintenance of the TE. One pathway is to preserve the integrity of the blastocyst cavity, possibly either through modulation of actin filament or activation of ROCK. The other pathway is to retain the TE-specific gene expression program, through control of HIPPO-YAP signaling, which may involve the core components LATS/AMOT/NF2. TE-specific gene expression program may also have influence on the integrity of the blastocyst cavity. See Discussion and Table II for further details.
